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Introduction
Therapeutic proteins are most often produced recombinantly in host organisms such as Chinese hamster ovary (CHO), murine, and E. coli cells, and are subsequently purified from background host cell proteins (HCPs) and other cell components to generate a final drug product. Even with the employment of multistep purification processes, HCPs are difficult to remove completely, and if levels are not controlled, can potentially reduce drug efficacy or cause adverse patient reactions. 1, 2 While the Food and Drug Administration has not set absolute control limits, 1 most approved biologics have low levels of total HCP (range »1 -100 ppm). 3 Therefore, it is imperative to have sensitive and accurate methodologies that allow for a thorough characterization of HCP present in drug product.
Enzyme-linked immunosorbent assay (ELISA) is the most commonly employed method for HCP quantitation, and it typically yields a measurement in ppm for total HCP. The antibodies used for ELISA are created by injecting an animal, often a goat, with a null host cell line (i.e., the cell line used to produce the protein therapeutic, but without the actual drug DNA). The resulting antibodies are then purified from the animal, and used in the ELISA assay to bind and quantitate residual HCPs. However, there are many shortcomings to the ELISA methodology. Since ELISA yields only a global measurement of HCP, drug products with the same total HCP content as measured by ELISA may have substantially different HCP profiles. Furthermore, the antibodies generated for ELISA do not cover all possible HCPs, thus affecting the quantitation accuracy of host cell proteins.
As an alternative, mass spectrometry (MS)-based methodologies have recently shown great promise for HCP characterization. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In this methodology, proteins are first digested enzymatically. The resulting peptides are then separated (usually by liquid chromatography), and subsequently detected by mass/ charge via a mass spectrometer. Peptides are also concurrently fragmented in the MS to yield more detection specificity, a process termed "tandem mass spectrometry" or "MS/MS." Peptides, and thus their protein counterparts, are identified by matching the experimental MS/MS patterns with theoretical patterns generated from a protein database, which contains all protein sequences suspected to be present in a given sample. This type of mass spectrometry-based workflow solves many of the shortcomings of traditional ELISA because individual HCPs can be identified and quantified, and potentially all HCPs can be characterized in a given sample, not just ones that can be captured by an antibody.
To date, the most common liquid chromatography (LC)-MS/ MS strategy employed for HCP characterization uses a 2-dimensional LC setup capable of characterizing both the active protein therapeutic and its host cell impurities simultaneously. [4] [5] [6] 11, 14 Since HCPs are several orders of magnitude lower in concentration compared to the protein therapeutic, 2-dimensional LC separation helps increase the sensitivity of HCP detection. HCP quantitation is then achieved typically by spiking in one or more protein standards at known concentrations. [4] [5] [6] 11, 20 While these methodologies have substantially increased the depth of HCP characterization, often no proteins (or very few) are detected in final, commercial-grade drug products. Another problem is that the protein standards used will likely have different response factors in the mass spectrometer compared to that of host cell impurities, thus confounding quantitation of specific HCP. Other LC-MS/MS-based techniques have sought to first enrich the HCP population in an attempt to increase the number of host cell protein identifications. Several techniques such as immunoprecipitation, 10 Protein A enrichment, 14 and combinatorial ligand libraries 21 have shown great promise for enriching HCPs; however, the numbers of protein impurities detected were still very low, unless a substantial amount of protein impurities were present in the samples being analyzed (i.e., levels typically observed in the beginning of purification processes). While substantial advances have been made in improving HCP analysis, due to the shortcomings in current methodologies as just described, there is still a great need for alternative techniques to improve HCP characterization.
The successes of phosphoproteomics research served as our motivation for enriching low level HCPs from drug product. The main hurdle in identifying and quantifying large numbers of phosphopeptides is their low cellular expression levels; an additional problem is that they are phosphorylated at very low stoichiometric amounts. 22 Therefore, enrichment of phosphopeptides is a key step in any phosphoproteomic workflow. Beginning the enrichment with a sufficient amount of starting material is one of the most critical steps for maximizing the number of phosphopeptides identified -greater than or equal to 15 mg of cells works best. 22 Thousands of phosphopeptides can be identified when adequate material is enriched. 22 Here, we present methodology capable of routinely identifying and quantifying up to nearly 700 HCPs in commercial grade monoclonal antibodies that contain very low levels of total HCP (< 1 ppm to »10 ppm) by depleting full dosage amounts (typically 40 -100 mg) of drug product using various affinity depletions (e.g., Protein A, Protein L). Compared to previous methods that use significantly less drug material, the level of HCPs detected by the method described here are similar to the levels to which patients might be exposed. Furthermore, the increased number of protein identifications allows for direct, label-free quantitation of individual protein impurities via spectral counting, and rigorous multivariate analysis offers superior analytical resolution, as demonstrated in this study, by assessing biologics expressed in various cell lines, media conditions, and purified by different downstream processes. Our combination of increased HCP detection, streamlined quantitation, and comprehensive multivariate analysis provides a notable step toward the total characterization of HCPs present in commercial grade biotherapeutics.
Results
The schematic diagram of the experimental workflow can be seen in Figure 1 . This methodology was capable of detecting »100 times more HCPs in drug product samples with low starting HCP concentrations (<10 ppm range or approximately 6 orders of magnitude lower than the drug substance) as compared to other LC-MS-based HCP methods reported in the literature (Fig. 2) . Since several hundreds of proteins can be identified for each sample, large numbers of peptide spectrum matches (often several hundred) are collected for each individual protein, which allows for accurate relative quantitation of distinct HCPs across samples via spectral counting, a simple and accurate label-free quantitation method. [23] [24] [25] [26] [27] [28] [29] [30] [31] The identification of large numbers of proteins per sample also enabled multivariate statistical analysis, which like spectral counting, relies on large numbers of data points to yield reliable results. Since many samples, generated from a variety of different cell lines and processes, were analyzed in this study, a streamlined nomenclature was adopted for sample differentiation. Therefore, each sample was given a number in the format of "ABC.D" where A is either 1 or 2 representing which therapeutic (mAb1 and mAb2, respectively) was produced, B is the specific CHO cell line used and can be a single digit number, C is the upstream/downstream process and can also be a single digit number, and D is an arbitrary lot number. For convenience, a description of each sample analyzed in this study and its associated nomenclature can also be seen in Table S1 .
The effect affinity depletions play on CHO proteins The abundances of certain host cell proteins could potentially be underrepresented by binding to the affinity resin during the depletion step (enrichment of HCPs). Therefore, two experiments were performed to assess how the depletion step affects HCP profiles. In the first investigation, protein abundances in a null CHO cell lysate were compared before and after affinity depletion by Protein A. As seen in Figure 3 , a substantial fraction of proteins were recovered in both samples and their abundances are strongly correlated indicating that their relative abundances after affinity depletion are highly indicative of their relative abundances prior to depletion. Over 90% of the proteins detected after depletion were also identified from the same sample that did not go through a depletion step.
Furthermore, the proteins unique to each type of sample (i.e., depleted versus undepleted) were generally of very low abundance where the method is most variable (Fig. S1 ). In the second experiment, HCP profiles were assessed by depleting a biotherapeutic sample by both Protein A and Protein L. Each column has unique purification specificity and can shed light onto whether the depletion strategy significantly alters the makeup of the HCP pool. Protein A binds the heavy chain in Fc, and Protein L binds kappa light chains in the Fab region. Figure S2 and Figure S3 illustrate that both Protein A and Protein L yield very comparable HCP profiles with respect to the overlap of identified proteins and their associated abundances. 10 and mAbs2014. 6 "ProtAdepl" and "ProtLdepl" represent the highest counts of HCPs identified in this report by either Protein A or Protein L depletion, respectively. The methodology presented in this article was able to detect »100 times more HCPs compared to other techniques that analyzed samples with low starting HCP concentrations (< 10 ppm range). 
Performance of characterization workflow
To test the reproducibility of the method, we analyzed four lots of commercial grade mAb1 (produced using the same cell line, upstream process, and downstream process) that had total host cell protein concentrations of approximately 8 ppm as identified by ELISA. The samples tested for reproducibility were labeled as 111.2, 111.3, 111.4, and 111.5. The number of protein impurities identified per sample after Protein A depletion of 40 mg of therapeutic protein followed by LC-MS/MS ranged from 632 to 686. For each pairwise combination of resulting HCP profiles (in total, six pairs for the four lots analyzed), the values for overlap of HCPs (quantified by Jaccard distance) and protein abundance correlation (as calculated by Spearman correlation) are listed in Table S2 , which also conveniently contains all other pairwise combinations assessed in this study. Venn diagrams and scatterplots of NSAF abundances can be seen in Figure S4 and Figure S5 , respectively. The % RSD of the Jaccard distances was under 10%, and the majority of HCPs were repeatedly detected in multiple replicates of the same material (Jaccard distance 0.3). Furthermore, NSAF abundances were highly correlated (Spearman p-values well below 10 ¡100 ), indicating a negligibly small probability of observing such correlations by random chance. HCP analysis of samples depleted by Protein L also yielded highly reproducible Jaccard distances and Spearman p-values as shown in Supplemental Materials.
Since column-to-column variability can add significant error to analytical techniques, the reproducibility of the method was assessed when different depletion and analytical columns were used. The HCP profile of 111.5 was compared to the same lot analyzed on a different EASY-Spray nano column (labeled 111.5r) as well as a different affinity depletion column (labeled 111.5c). The overlap of HCPs and their protein abundance correlation between all three conditions were calculated as seen in Table S2 and Figure S6 . In addition to evaluating different columns, variability of the method when using two different mass spectrometers was also evaluated by analyzing one drug product lot on a Q Exactive (111.3) and on an Orbitrap Velos Pro (111.3v) mass spectrometer. Data-dependent acquisition was performed in "high-low" mode for the Orbitrap Velos Pro. That is, the high resolution Orbitrap was used for detection of intact peptides while MS/MS spectra were collected via collisioninduced dissociation (CID) in the low resolution Velos ion trap. For the Q Exactive, in contrast, both MS and MS/MS spectra were collected in the high resolution Orbitrap. Additionally, a different MS/MS technique, higher-energy collisional dissociation (HCD) was used on the Q Exactive for peptide fragmentation. This experiment represents a worst-case scenario with respect to instrument-to-instrument variability. The overlap of HCPs and their protein abundance correlation were calculated and can be seen in Table S2 and Figure S7 . The pairwise comparisons with respect to changes in both columns and mass spectrometers illustrates that the method described herein is adequately rugged for its intended purpose as the majority of HCPs, as indicated by Jaccard distances, were repeatedly detected in multiple lots of material (Jaccard distances 0.39 ). Furthermore, NSAF abundances were highly correlated (Spearman P-values 4.8*10 ¡160 ), indicating vanishingly small probabilities of such correlations to be encountered by random chance. The values are similar to, or better than those reported for the precision experiment as shown in the previous section.
Since the presence of HCPs and their abundance can be affected significantly by cell line type, upstream processes, and downstream purification, several samples with different cell lines and processing were analyzed. Figure 4 shows heat maps of Jaccard distances and statistical significances of Spearman correlations of pairwise comparisons for many different samples of mAb1 expressed in different cell lines, upstream processes, and downstream purification as well as for samples described previously in the repeatability and ruggedness experiments. Pairwise comparisons that have darker shades of purple have larger HCP overlap (as seen in the Jaccard distance heat map) and are more significantly correlated with respect to individual protein abundances (as seen in the log 10 Pr(r) heat map); those that are more peach-colored have less overlap and are less correlated. Samples originating from the same expression system and processes are labeled per the nomenclature described in detail earlier, and exhibit a very high degree of overlap and correlation similar to what was observed in the precision and ruggedness experiments previously described. It is worth noting that while samples 135.1, 137.1, and 138.1 are labeled denoting that a different process was used for each sample, the only actual difference between them are minor upstream media alterations, and therefore it is not surprising that their HCP profiles are highly correlated. Conversely, when samples from significantly different processes are compared, less overlap and correlation is observed. The degrees of difference in the HCP profiles are a result of how dissimilar the cell line and processes were for each pairwise comparison. For example, 111.5 and 112.5 were generated from the same cell line and upstream process, but with a slightly different downstream process, and resulted in a Jaccard distance and Spearman p-value of 0.59 and 1.3*10 ¡64 . The pairwise comparison of samples 111.5 and 134.1 (same mAb1 antibody produced in different cell lines and upstream/downstream processes) yielded values of 0.92 and 0.051 for Jaccard distance and Spearman correlation p-value, respectively, indicating greater dissimilarity between their HCP profiles. As stated previously, all values of Jaccard distance and statistical significance of Spearman correlation coefficients are listed in Table S2 . These examples show how even small changes in process development can be differentiated readily with our analysis workflow.
As seen in Figure 4 , one of the samples that had the least overlap and protein abundance correlation compared to all other samples was 223.1, which consisted of a different therapeutic protein (mAb2) as well as a different cell line and process development procedure. Interestingly, 223.1 had total HCP levels below the limit of quantitation for the mAb2 drug product ELISA method (less than 2 ppm). The affinity depletion and mass spectrometry-based workflow described herein, however, was still able to detect over 400 protein impurities, an impressive number with such a low total quantity of HCP. For this sample, 100 mg of mAb2 was depleted by Protein L before LC-MS/MS analysis. Figure S8 shows the comparison of HCP profiles for drug product lot 111.5 to a few selected examples (including lot 223.1) that are expected to be very similar and increasingly dissimilar. This simplified representation of the data further illustrates the sensitivity of the methodology for discriminating HCP profiles from different protein therapeutics, cell lines, and processes used to produce drug product.
Maximizing resolution between samples with different cell lines or purification processes
To gain better insight into the benefits of detecting more host cell proteins in final drug product samples, Figure 5 illustrates HCP profile comparisons when all samples analyzed in this study were filtered so that only a specified number of the most abundant HCPs were considered for multivariate analysis. That is, only the top 10, top 20, top 50, top 100, and top 200 were used. Results of the comparisons of these filtered samples can be then further contrasted to those that have been obtained using entire sets of HCPs detected in each sample. The same coloring scheme was used in Figure 5 as that in Figure 4 . For the heat maps that had all but the top 10 and top 20 most abundant HCPs filtered out, samples with significantly different cell lines and upstream/downstream processes could not be differentiated. While the top 50, top 100, and top 200 heat maps exhibited increasingly better resolution for differentiating samples, the clustering analysis that utilized all HCPs provided the most striking correlations for samples that were the most similar, and the most differentiation for those that originate from different therapeutic proteins, cell lines, and processes. Furthermore, Figure S9 shows results of multidimensional scaling of dissimilarity between 111 and 112 samples when utilizing the top 20, top 100, and all detected HCPs. By this measure, sample differentiation is also substantially more striking when more HCPs are considered. These results illustrate how detecting more HCPs significantly increases analytical resolution, thus enabling unambiguous distinction of samples generated by a variety of different processes.
Comparison of drug product HCPs to null CHO cell lysate As a final comparison, the drug product HCP profiles described above were compared to the null CHO cell lysate protein identities and NSAF abundances presented in Figure 3 . The overlap between protein identities and correlation between NSAF abundances are shown in Figure S10 . Further technical details can be found in Supplemental Materials.
Overlaps between protein identities detected in the null CHO cell lysate and each of the HCP profiles are plotted in Figure S10a . With the exception of 223.1, which had over 80% overlap, all other profiles had between 60% and 70% HCP overlap with proteins identified in the CHO cell lysate.
A quantile plot exhibiting the ranks of NSAF abundances from proteins detected only in HCP profiles was used to assess the abundances of HCPs detected in drug product, but not identified in the null CHO lysate ( Figure S10b) . As seen in the figure, the proteins not detected in the lysate manifest a downward deviation from the y = x diagonal, which indicates the tendency of proteins detected in HCP profiles, but not in CHO cell lysate, to be on average less abundant than a random sample of proteins detected in a drug product HCP profile. However, this trend is fairly weak. For instance, the top 10% of the most abundant drug product HCPs not detected in the CHO cell lysate correspond to the top 14% of the most abundant drug product HCPs overall, and the top 25% of the most abundant drug product HCPs not identified in the CHO cell lysate correspond to the top 30% of the most abundant drug product HCPs overall. Thus, the proteins detected in the drug product HCP profiles, but not in the CHO cell lysate, represent the entire range of HCP abundances, not just the low abundance ones.
Furthermore, a graphical comparison of the abundance ranks of the proteins detected both in HCP profiles and in CHO cell lysate indicates a statistically significant correlation between NSAF abundances of proteins in drug product HCP profiles and CHO cell lysate ( Figure S10c) . However, it can also be seen that a substantial fraction of proteins have appreciably different relative abundances in the CHO cell lysate vs. the HCP profiles. For instance, approximately 40% of the points in the plot have abundance ranks that are 2 times different between the CHO cell lysate and drug product HCP profiles.
Discussion
The importance of fully characterizing HCP content in final drug product was recently highlighted after two clinical trials were suspended when antibodies against CHO HCPs were detected in subjects who were administered recombinant biotherapeutics. 32 Furthermore, certain CHO proteins have a potentially higher risk of being immunogenic due to lower homology to human protein forms or higher T cell epitope density. 33 Specific CHO proteases contained within the HCP profile can also cause fragmentation of the drug substance, which can affect the storage life of recombinant biologics. 34 The sensitive detection and quantification of individual HCPs by LC-MS/MS-based methodologies is therefore a powerful complement to the goldstandard ELISA. For example, HCP characterization by LC-MS/ MS was recently utilized to improve downstream process development after an abundant and potentially immunogenic protein was not detected by ELISA or Western blotting. 34 One of the main challenges of HCP analysis by LC-MS/MS is that most high resolution mass spectrometers only have a dynamic range between 3 to 4 orders of magnitude, 35 yet total HCP amounts in final drug product are often 6 orders of magnitude lower than the drug substance. Furthermore, the dynamic range of the LC column is also limiting as high concentrations of drug substance causes significant peak broadening, which limits the detection of the low level HCPs. By first depleting large amounts of the therapeutic protein before LC-MS/MS analysis, we were able to largely overcome these dynamic range limitations, and detect large numbers of HCPs. The depletion of large quantities (mg) of final drug product is a key step for maximizing HCP identifications and improving the resolution between different HCP profiles. In general, we used Protein A as a depletion method for therapeutics that have not been purified by Protein A, and Protein L for those that have downstream processes that incorporate Protein A. The reasoning is that those HCPs that do make it to the final drug product may have some affinity to Protein A (if the biologic has been Protein A purified), and thus might be removed along with the therapeutic if Protein A is also used for affinity depletions to collect HCPs. Protein L does not have the same affinity as Protein A, and should effectively deplete HCPs from most Protein A purified biotherapeutics. However, our results showed that the vast majority of HCPs have no affinity to Protein A, and that Protein L and Protein A depleted material yielded highly comparable results; therefore, we don't anticipate large differences in HCP profiles by using one depletion affinity column versus another.
We used spectrum counting for quantitation because the likelihood of collecting MS/MS spectra (PSMs) for a particular peptide increases with protein abundance; therefore, the number of PSMs per protein is proportional to protein abundance. The biggest advantages of spectrum counting for quantitation are ease of implementation and simplicity. However, the accuracy of this quantitation method is best when high numbers of peptide spectrum matches (and thus proteins) are detected, which our depletion and nano-UPLC-MS/MS workflow facilitates. We used the normalized spectral abundance factor (NSAF) [23] [24] [25] [26] [27] [28] [29] [30] [31] as our spectral counting method since MS/MS data is normalized to the size of the protein (larger proteins will generate more PSMs than smaller proteins) and also to the number of peptide/protein matches, which accounts for run-to-run variation.
The detection of large numbers of proteins by our large-scale affinity depletion and LC-MS/MS strategy also assisted the use of multivariate analysis. Various metrics have been commonly used for assessing multidimensional data obtained in genomics 36 and proteomics 37 experiments. The differences between HCP profiles can be expressed in terms of concordance between sets of protein identities detected in each sample, as well as lower correlations between individual protein abundances found in both HCP profiles. Here, the Jaccard distance (closely related to Tanimoto distance) was applied for quantifying overlaps between sets of proteins detected in each HCP profile. Furthermore, due to its non-parametric nature, insensitivity to the monotonic transformations of the data, and existence of distribution-free estimates of statistical significance, Spearman correlation coefficients were used to compare abundances of the proteins common to any two HCP profiles. Jaccard distances [38] [39] [40] and Spearman correlations [41] [42] [43] have both been applied successfully to complex proteomic datasets in previous studies. We demonstrated herein that the application of these statistical tools to our host cell protein data enabled sensitive differentiation between samples (i.e., those generated from different cell lines and upstream/downstream processes).
While protein identification and quantitation based on "shotgun" proteomic methods can suffer from considerable runto-run variability due to potential changes in peptide ionization and MS/MS peak picking, our methodology for HCP quantitation proved to be highly reproducible and a useful complement to traditional methods such as ELISA. In fact, the majority of HCPs were repeatedly detected in multiple replicates of the same material (Jaccard distance 0.3) as shown in our repeatability experiments (Table S2 , Fig. S4, and Fig. S5 ). As expected, HCPs with the lowest abundance generally contributed the most to inconsistencies in protein identification between samples. These lower abundance HCPs, however, proved useful in differentiating HCP profiles. As shown in Figure 5 , the highest resolution for HCP profile differentiation occurred when all HCPs were considered, as compared to when only the top 10, top 20, top 50, top 100, and top 200 HCPs were used. Since our methodology uses a multivariate approach, the overall profile correlation is the most important factor for assessing similarity between HCP profiles, and is mostly indifferent to small differences in protein identifications at the low end of the profile. This multivariate approach provides a signature of the overall process and can detect elusive process differences, which can be particularly useful for assessing batch-to-batch repeatability and process scale-up.
Several recent studies have used mass spectrometry-based proteomics to characterize null CHO cell lysates or cell culture to assess differences in protein expression across various cell lines and process conditions. 13,18,44-47 Therefore, we were interested in evaluating the comprehensive HCP profiles we obtained from final drug product (highly purified mAb samples) vs. those from a null CHO cell lysate (no recombinant product). As shown in Figure S10 , this comparison assessed protein overlap, the abundance of HCPs detected solely in final drug product samples, and the abundance of HCPs common to both final drug product and the null CHO cell lysate. Overall, the two profiles had substantial overlap between protein identifications, and the higher abundance proteins in the null CHO cell lysate tended to have higher abundance in the drug product profiles. However, certain drug product HCP profiles had up to 40% unique proteins that were not detected in the null CHO cell lysate, many of which were highly abundant in the drug product HCP profile. Furthermore, for the proteins that were common to both the drug product profile and null CHO lysate, a substantial fraction had appreciably different relative abundances between the two profiles. These results suggest that, while final drug product HCP profiles are influenced by the innate identities and abundances of the host cell, many important differences exist. Given the findings herein plus recent results that showed high similarity between proteomic profiles of different null CHO cell lines and upstream processes, 44 variations in downstream processes are likely the primary cause of the significant differences we observed for final drug product HCP profiles as certain proteins will be more effectively purified than others (depending on the downstream process employed).
It has been stated recently that residual HCPs that make it into final drug product would likely consist of a small subgroup of the most highly abundant host cell proteins. 6 However, by using the analysis workflow described herein, our data shows that even though commercial grade biologics go through extensive multiwww.tandfonline.com 7 mAbs step purification processes, a large number of HCPs (albeit low abundant) can still be present in the final drug product. Furthermore, the most abundant host cell proteins only represent a small portion of the total HCP abundance. These results demonstrate the utility of high resolution analytics for thorough characterization of HCP content in commercial grade biotherapeutics.
In conclusion, we presented methodology that significantly increases HCP detection, simplifies quantitation, and provides comprehensive multivariate analysis that is capable of differentiating HCP profiles from drug product samples with very low total protein impurities (less than 1 ppm to approximately 10 ppm). This approach could further be extended to the absolute quantitation of each individual host cell protein. Several MS/MS-based spectral counting methodologies such as absolute protein expression profiling (APEX) [48] [49] [50] and protein abundance index (API) 51, 52 have been used successfully for proteomics-scale absolute quantitation of individual proteins, and should be directly applicable to our HCP methodology.
Materials and Methods

Materials and reagents
Commercial grade therapeutic monoclonal antibodies (mAb1 and mAb2) were produced in CHO cells under a variety of conditions. Trypsin Gold was purchased from Promega (Madison, WI). All other solvents, reagents, and lab supplies were obtained from Fisher Scientific (Pittsburg, Pa).
Protein preparation and nano-UPLC-MS/MS analysis
Therapeutic protein samples were depleted via affinity enrichment (e.g., Protein A, Protein L) using an € AKTA system coupled with 5 mL HiTrap columns (GE Life Sciences, Pittsburg, PA). The flow rate was 2 ml/min, the loading buffer consisted of 50 mM sodium phosphate, 500 mM sodium chloride, pH 7.5, and the elution buffer was 100 mM Glycine, 150 mM sodium chloride, pH 2.5. The HCP-containing flow-through was then buffer exchanged into 50 mM ammonium acetate using 3K MWCO Amicon filters (EMD Millipore, Billerica, MA), and dried using a speed vac. Dried samples were reconstituted in 6 M guanidine HCL in 1x phosphate-buffered saline (PBS), reduced with 10 mM dithiothreitol for 30 minutes at 50 C, and alkylated with 19 mM iodoacetamide for one hour in the dark. Samples were then buffer exchanged into 100 mM ammonium bicarbonate, and digested with 2 mg of trypsin for one hour in a Barocycler (Pressure Biosciences, South Easton, MA) operated at 20,000 psi. The trypsin reaction was quenched by the addition of 2% formic acid.
The prepared tryptic peptides were analyzed using nano-UPLC-MS/MS. Samples were directly injected onto an EASYSpray C 18 column (Thermo Scientific, Waltham, MA) (75 mm ID £ 25 cm, 2 mm particle size) at a volume of 1 mL. The column was heated to 50 C during analysis. Separation was performed on a Dionex Ultimate 3000 RSLCnano (Santa Clara, CA) system with eluent A consisting of 0.1% formic acid in water and eluent B consisting of 0.1% formic acid in acetonitrile with a 200 min linear gradient from 2% to 35% eluent B at a flow rate of 300 nL/min.
Mass spectrometric analysis was performed on a Thermo Scientific Q Exactive mass spectrometer (Bremen, Germany). Data-dependent MS/MS was performed as follows: the first event was the survey positive mass scan (m/z range of 400 -2000) followed by 12 HCD events (25% NCE) on the 12 most abundant ions from the first event. Ions were generated using a spray voltage of 1.7 kV, a capillary temperature of 250 C, and a S-Lens RF level of 70. Resolution was set at 35,000 (AGC target of 1E6) and 17,500 (AGC target of 2E5) for survey scans and MS/MS events, respectively. The maximum ion injection time was 250 ms for all scans. A dynamic exclusion duration of 30 s was used with a single repeat count. All spectra were the average of one microscan. Two technical replicates were run per sample.
To assess robustness, a Thermo Scientific Orbitrap Velos Pro mass spectrometer (Bremen, Germany) was used as a comparison to the Q Exactive. Data-dependent MS/MS was performed as follows for the Orbitrap Velos Pro: the first event was a 30,000 resolution positive mass scan (m/z range of 300 -1400) followed by 24 low resolution CID events (35% NCE) on the 24 most abundant ions from the first event. Ions were generated using a spray voltage of 1.8 kV and a capillary temperature of 275 C. AGC was set at 1E6 and 5E4 for orbitrap survey scans and MS/ MS events, respectively, and 3E4 and 1E4 for ion trap survey scans and MS/MS events, respectively. The maximum ion injection time was 50 and 100 ms for the full mass scans and MS/MS scans, respectively. A dynamic exclusion duration of 20 s was used with a single repeat count.
Protein identification and quantification
A customized protein database composed of sequences from the CHO-K1 protein database (downloaded 09/24/2012 from http://www.chogenome.org), 53, 54 protein biotherapeutics, affinity proteins (e.g., Protein A, Protein L), digestion enzyme (s), and human keratin was used to search against the experimental MS/MS data using the Proteome Discoverer software package, version 1.4 (Thermo Scientific, Bremen, Germany). Both SEQUEST 55 and Mascot 56 were used in tandem for database searching. A mass tolerance of 10 ppm and 0.1 Da were used for precursor and fragment masses, respectively. Carbamidomethyl of cysteine was set as a fixed modification, and up to two missed cleavages were allowed. After searching, Percolator 57 was used to filter peptide hits with a strict false discovery rate (FDR) 1%. Further peptide/protein filtering was performed by eliminating peptides that had less than six amino acids, and all single spectrum protein hits.
The protein and peptide identifications from two technical replicates were combined for each sample, and spectral counting was then used for the relative quantitation of individual proteins. Peptide spectral matches (PSMs) were normalized to protein molecular weight (spectral abundance factor) as larger proteins are more likely to produce an increased number of PSMs. The spectral abundance factors were further normalized (normalized spectral abundance factor) so that individual proteins were comparable in multiple data sets with varying numbers of total proteins. The normalized spectral abundance factor (NSAF) values were used to calculate relative abundance of individual proteins. [23] [24] [25] [26] [27] [28] [29] [30] [31] The NSAF values for the antibody, trypsin, and Protein A/L were not used for multivariate analysis as described in subsequent sections and in the Supplementary Materials.
Total HCP concentration (in ppm) was measured by the CHO HCP ELISA kit, 3G (Cygnus Technologies, Southport, NC).
Multivariate analysis
Differences between HCP profiles for multiple samples were evaluated by a) quantifying the number of protein identities common among profiles using Jaccard distances (1 -Jaccard index) and by b) comparing HCP abundances, as estimated by NSAF, for the proteins common between profiles (using Spearman correlation coefficient r and its statistical significance p s D Pr (r)). All comparisons of HCP profiles were performed in the R programming language. 58 Details of the calculations used herein can be found in the multivariate analysis sections in Supplementary Material.
Null CHO cell line analysis A null CHO cell line was grown to 5 million cells, pelleted, and washed. The cell pellet was then resuspended with 6 M guanidine HCL in 1x PBS and lysed by probe sonication. The cell lysate was buffer exchanged into 50 mM sodium phosphate, 500 mM sodium chloride, pH 7.5. The sample (90 mL) was then passed over a Protein A HP Spin column (GE Life Sciences, Pittsburg, PA) at 100 x g for 30 seconds, and was subsequently washed and collected. Another lysate portion was treated the same but without being passed over the Protein A column. Both samples were then reduced, alkylated, digested, and analyzed as described above. Two technical replicates were analyzed per condition.
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